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Executive Summary

This report examines the present and evolving dhpad of advanced inverter technologies for
both primary and secondary distribution applicatiomverters are power electronics-based
devices which convert direct current (DC) to alsgimg current (AC), a function which is
fundamental to the integration of power from marpurses into the distribution system.
Inverters are widely used in conjunction with agarof Distributed Energy Resources (DER),
particularly photovoltaic and wind turbine generat@and energy storage resources. In these
applications, inverters convert a generated oregtddC to a precisely modulated and grid-
synchronized AC waveform. This waveform’s frequensyto be identical and to the grid
frequency, enabling the supply of this electric powwo an interconnected load or into the
distribution system. Beyond this fundamental puepasd the requisite functionalities that this
purpose entails, there exist a range of complemgntiechnologically viable, and demonstrated
functions that an inverter may be designed to gi®vincluding the following:

I. Reactive Power Control. An advanced inverter hasathility to supply or absorb reactive
power, measured in VARSs, in the desired quantitlyis Tprovides for more efficient
distribution and improved power quality.

II. Voltage and Frequency Ride-Through Responses.drptisence of fluctuations in the
distribution system’s voltage or frequency, thisvaxtced inverter function seeks to
correct the fluctuations by modulating reactiveaotive power, respectively. In the case
of temporary and resolvable conditions, this cdowalthe DER to continue operation
through a fault.

Advanced inverter functionalities represent a digant opportunity to improve the stability,

reliability, and efficiency of the electric poweisttibution system, particularly as DER become
incorporated onto the grid at higher penetratimele Autonomous implementation of advanced
functionalities could provide localized nodes adilslity and control on a distribution feeder.
When coupled through sophisticated communicatiargneented protection, and intelligent
control, interconnected advanced inverters coublgehsignificant beneficial impact upon the
efficiency and reliability of the distribution sgsh. Utility distribution automation or distribution

management systems will be central to the integrawf these functionalities, enabling

necessary and sufficient communication, protectama, control measures.

Despite proof of concept by national electric powgstems in Europe, implementation of these
functionalities is not presently supported by ttendards which govern inverters in the United
States, preventing both widespread adoption of ethksictions and realization of the
corresponding benefits to the distribution netwohk.addition, there is a lack of consistent U.S.
interoperability and performance standards for iitere and inverter controllers to communicate
with utility distribution management systems. Tdiscrepancy will make full realization of the
potential benefit of advanced inverter functionesitdifficult, especially in the context of safely
and reliably enabling higher penetrations of dgtréd energy resources.



Table of Contents

1 Technical Background ON INVEIEIS .......... oo eeeernnnnninaieeeeeeeaaseeereeessrnnnnnnnnnneennn 1
1.1 Standard Inverter Key CONCEPLS ....ooeeeeiiieeieeieeeeeeeiiie s s s e e e e e e e e e e e eeeeeseeeneneeeeenenes 1
1.2 Standard Inverter FUNCLONANILIES ..........ccoemmmiiiiiie e 1
1.2.1 Power Transfer OptimiZation............c.oeieeemiiiiii e 1
V2272V o] | v= To T I @] 0 V=1 £ (o] o USRS 2
1.2.3  Grid SYNCAIONIZALION ......uiiiiiie ittt e e e e e e e e e e e e e eeeneeeeseeee 2
22 S B 1ot o1 U= ox 1 o o PRSP 2
1.2.5 Anti-Islanding ProteCtion............coovviiieeiiii e 2
1.2.6 Storage INterfaCing .........ccoiiiiiiiiiiiiiceee e 3
2 Overview of Advanced Inverter FUNCLIONS ..........uuuuuiiiiiiieeeeeeeeceeceeeeii s 3
2.1 Advanced Inverter KEY CONCEPLS ...uuuuuuuuurmmmmmmneeeeeeeeeeeiiinnnnininsaaseeaeeessasseeseeeeseeeees 3
2.2 Advanced Inverter FUNCLIONANTIES .........oooeeeeeiiiii 4
2.2.1 Reactive POWEr CONLIOL......coiiiiii e e e e e e ee e e 4
2.2.2 Voltage and Frequency Ride-Through...........ccccceeiiiiiiiiiiicice e, 5}
3 National and International Inverter Standards agthfed Work ...............ccoooiiiiiiiiiiiii 6
3.1 United States INverter StaNAards .......... oo «eeeerrreeeeeeeeeeeeeeieeerner ..o 6
3.2 International Inverter StanNdards ..o ——————— 7
3.3 Photovoltaic Inverters Compliance Requirementsahf@nia............ccccoeeeeeeeeeeeieneneee.
3.4 Advanced Inverter Availability COMPAriSON .....ccccvvvveiiiiiiiie e eeeeeeeeeeeeeveeaeas 9
3.5 Other Related National & International Standardsdd@ment Work....................... 10
4 Impacts & Challenges of Advanced Inverters Wides@r@doption .............cooeeevviveeevinnnnns
S O] T [ £ [0 o P 12
G o= (=T (= o = 13



1 Technical Background on Inverters

1.1 Standard Inverter Key Concepts

Fundamentally, an inverter is a device which cotsvardirect current (DC) input to an
alternating current (AC) output. Historically, dess that converted AC to DC were
called “converters” and therefore devices thattb&lreverse (i.e. DC to AC) were called
“inverters”. Inverters are used in a range of mapions, including consumer power
electronics, electric vehicles, and photovoltaicl @amergy storage interconnections to
power distribution systems at the primary (4 kV,.8.&V, 27 kV, and 33 kV) and
secondary (120/240 V, 120/208 V, 240/480 V) levels.

In distribution applications, these devices prodwesinusoidal waveform of the
appropriate frequency, typically through power glaucs-based implementations of
controlled, sequential switching. Inverters masnst alone (i.e. off-grid) and supply
generated power solely to connected loads, or thay tie into the grid and allow
generated power to be supplied to a utility’s disttion network when not needed by the
load. In either case, an inverter may be coupli#d an energy storage device, such as a
battery, and retain power generated for later tlags mitigating intermittency of the
generator and improving response to power demaifitle. necessary conversion enables
the supply of real power to the electrical disttibn system or to everyday loads.

1.2 Standard Inverter Functionalities

In compliance with standards developed and adopigdStandard Development
Organizations (SDOs) such as the Institute of HEimadt and Electronic Engineers
Standards Association (IEEE-SA) and Underwriterabdaratory (UL), DER inverters are
designed, manufactured and tested to provide teletd safe functionalities beyond the
scope of conversion of DC power into an AC powewradarm. Optimization of power
conversion, manipulation of voltage, and grid sypnalzation are central to ensuring that
load devices are able to consume power. Workfaroé public safety is augmented
through the ability to disconnect from the point ammon coupling (PCC) and the
implementation of unintentional islanding proteatio

1.2.1 Power Transfer Optimization

Inverters are designed to optimize transfer of pdwen a DER to a load, often through
a technique called Maximum Power Point Tracking BMIR Optimization is typically

achieved through the design of an algorithm whicdmgutes the ideal equivalent
resistance from measurements of current, voltagd,the respective rates of change.
MPPT is subsequently implemented by an intelligeotroller that makes frequent
calculations and actuates corresponding adjustmenits the certification process,

efficiency of an inverter is evaluated with respécot peak operation and overall
performance under a range of testing conditionBrodgh these tests, peak efficiency is
measured and an overall value is computed, usingighting methodology such as that



outlined by the California Energy Commission (CE@nd both values are reported with
the device specifications. Typically, inverterdiave upwards of 90% weighted power
conversion efficiency, with many commercially aasile models reaching 97% peak
efficiency or higher.

1.2.2 Voltage Conversion

In order to supply power to a load or to the dmttion grid, power generated by a

distributed energy resource usually must be dedivext a different voltage. Often, as in
the case of solar photovoltaic generators, thisue®’'s generation voltage is lower than
4 kV, the lowest primary distribution voltage inettunited States. Furthermore, the
voltage is typically intrinsic to the device or gietable based on input parameters, which
allows for an inverter to implement consistent ag# step-up. This manipulation may be
achieved through use of a transformer, an elettdeaice which converts voltages

through inductive coupling, or through advanced eowlectronics-based switching

circuitry.

1.2.3 Grid Synchronization

A central component of an inverter’s efficacy i thbility to construct an output AC
waveform that is synchronized with the utility distition system. The supply of a
waveform whose frequency is identical to the grrégtiency represents the key
requirement of the grid synchronization functiomdso, phase synchronization for each
of the three phases of a three-phase interconmeisticequired for grid synchronization.
The device’s internal power electronics executetrobrstrategies which emulate the
frequency and phase of the power on the coupledankt Filtering and pulse-width
modulation are incorporated as technical solutidas mitigate flicker, harmonic
distortion, and other potential issues. Phasesmiffces can cause losses and reduce
voltage, while small incompatibilities in frequenaljlgnment result in significant power
loss and, over time, could cause fault conditibm®t rectified.

1.2.4 Disconnection

When fault conditions are present, a grid-tied rtefeis required to disconnect from the
distribution system at the point of common coupl{fRCC). IEEE 1547 outlines the
unacceptable, fault-indicating values of frequeaog voltage based on the magnitude
and duration of the signal. If either parametsesior falls to such an extent in response
to an event, then remains at such a level for scpieed duration of time after the event,
the inverter must initiate a disconnection from fttped. This fundamental safety
functionality provides a standardized level of pation from the potential impacts of a
fault.

1.2.5 Anti-Islanding Protection

Unintentional islanding is a potentially damagirygtem configuration which may occur
in the presence of undetected fault conditions.e Tdrmation of a localized grid is
initiated by a blackout or a disconnection from th&tribution network, and the entirety

! “Guideline for the use of the Performance Testdtml for Evaluating Inverters Used in Grid-Conreett
Photovoltaic Systemdittp://www.gosolarcalifornia.org/equipment/docungsandia_Guideline 2005.pdf




of the local load is transferred to the DERs whiemain connected. Although the
potential for a distribution system incorporatimgeintional localized grids connected to
DERs, or microgrids, is a compelling technical atheaespecially at high levels of DER
penetration, island formation carries a range oftepiial consequences when
unintentional and without proper control strategeslace. These consequences can
result from lacking capacity to satisfy the loadfrom failure to operate within specified
parameters like voltage and current limits. Sumhd@tions may endanger workforce and
public safety, and thus represent a critical carsition in the power engineering
profession. Furthermore, unintentional islandirmuld have ramifications upon the
devices which draw power from the islanding circuit

Anti-islanding protection schemes are tested inoatance with IEEE 1547.1, “IEEE
Standard Conformance Test Procedures for Equipnh@erconnecting Distributed
Resources with Electric Power Systems,” which preses a range of loading conditions
and parameters that recreate islanded conditidB€E 1547 implements a standard
requirement that disconnection must occur withio econds of island formation. A
range of different algorithms and protection schemmay be implemented, but all must
pass the test procedures prescribed by IEEE 1=t lthereby comply with the IEEE
1547 standard. These schemes may be based ortdatiah of relevant parameters,
including frequency and harmonic distortion, whazmn collectively indicate the presence
of an islanding condition. An additional methodptoemploys the active technique of
forcing a parameter such as current or frequenoytiding a relatively small change
which will be observable in grid conditions only @rhan island has formed.

1.2.6 Storage Interfacing

An inverter may enable the integration of a batmrpther energy storage device with a
distributed generator. When active power is preduby a distributed generator, a
standard inverter will route the power to the grifithat active power is not needed, an
inverter may reroute the active power to be stordthen power is again required by the
grid, the storage device may be employed as a gupppower, complementing the
power provided by the distributed energy resourlrethe case of utility interconnected
inverter, pricing signals may be employed in tha&urfe to autonomously activate the
charging or discharging modes of the storage deviémergy storage represents a
particularly useful capability in light of the intaittency of many forms of distributed
generation, particularly those which rely on saamwind power. It is also a capability
which may lend additional profitability to the iafiation of distributed generators
through maximizing the economic value of genergiedier. The adoption of present
storage technology has inherent challenges surmogrubst-effectiveness and duration
of life cycle, and available technologies must bal@ated on a case-by-case basis to best
suit the intended application.

2 Overview of Advanced Inverter Functions

2.1 Advanced Inverter Key Concepts

A standard DER inverter will efficiently supply drsynchronized power to a load and/or
to the grid. In addition, standards require anerter to provide fundamental safety
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features such as anti-islanding and fault detecti@urpassing this scope, an advanced
inverter has the capacity to supply or absorb reagiower, to control and modulate
frequency and voltage, and to provide more robafgtyg and reliability functionalities in
voltage and frequency ride-through. Reactive powaeasured in Volt-Amperes
Reactive (VARS), is associated with inductive aragacitive loads and manifests as
energy stored in magnetic or electric fields. btigally, capacitors could be installed to
either supply or absorb reactive power where neededistribution feeders to attempt to
minimize reactive power from inductive loads. Qindtation of using capacitors for this
purpose is that there is limited variability of ceae power that can be supplied or
absorbed dependent on the ability to switch on/affous combinations of capacitors at a
location. In addition, reactive power supplied atrsorbed by capacitors will greatly
change with minor changes in voltage level. Aseailile source and sink of both active
and reactive power, advanced inverters provide gporunity for the extensive control
that enables safety and reliability in DER applimas.

2.2 Advanced Inverter Functionalities

2.2.1 Reactive Power Control

Definition: As described above, a DER interconadctadvanced inverter has the
capacity to act as a supply of reactive power.udtiste loads, such as induction motors
and fluorescent lighting, are inherent to the dstion system. The presence of such
loads results in a phase difference between voladecurrent waveforms, causing losses
which reduce the efficiency of real power distribat Less efficient power distribution
requires greater current, which magnifies the immddine losses and of drops in the
voltage profile over the distribution line. Reaetipower control, or “VAR control”, in
inverters provides for the intelligent supply ofctive power in response to these issues.
Appropriately modulated reactive power support keso phase differences between
voltage and current, reducing distribution lossassing voltage levels, and significantly
impacting both local power quality and distributiefficiency.

Implementation: The supply of reactive power \apacitors will cause the phase of the
current to lead that of the voltage, while the apfmomay be achieved when an inductive
load absorbs reactive power. Inductive loads anéecprevalent on the distribution
network, and accordingly the grid requires capeeisupply of reactive power in most
cases. Both resistive and inductive loads mayuppled, as an advanced inverter is
capable of contributing active power and reactiogvgr simultaneously. A capability
curve prescribes the output reactive power, whicdiminished at lower voltage levels
and at higher output active power. VAR control ldaa the manipulation of the
inverter's power factor according to the charastericapability curve in order to match
the mix of resistive and inductive loads on thewi: Power factor is defined as the ratio
between active power supplied, measured in Wattd, the apparent power supplied,
measured in Volt-Amperes and computed as the Pgtkag sum of active and reactive
power. A power factor of one indicates that acfpeever makes up the entirety of the
apparent power supplied by an inverter, and thateactive power is supplied. On the
other hand, a power factor of zero occurs whemeaerter supplies solely reactive power.



Adjustment of an inverter's output power factor nisgy performed through predefined
static settings which are scheduled according &l lforecasting. Manipulation may
alternatively be achieved through modes which mlevspecific responses to grid
conditions such as voltage levels. These modegrpocate such considerations as
hysteresis, modulated ramp rates, and randomizatidhe execution time window to

address potential interoperability concerns andurenstable actuation. Modes and
settings provide predictable yet flexible solutiopasabling either localized autonomous
control or centralized management schemes.

Impact: The technique of reactive power contrad Bagnificant potential to increase
efficiency and flexibility of power distributionWhen the power system dynamics of an
unsupported inductive load lead to a drop in vatiyels, injecting capacitive, reactive
power will resolve this voltage drop. Currentligetdistribution system is outfitted with
capacitors which provide reactive power support, these devices provide support of
limited resolution that is more static by natuitategrated, controlled power electronics-
based systems such as voltage regulators are sttabde to distribution system
engineers, but these technologies tend to be exeefts providing sufficient resolution.
The efficacy of reactive power control is highlypgadent on geographic proximity to
the load or substation that requires support duthéoimpact of line losses, and DER
inverters are therefore a logical source of reacppower because of their distributed
nature. Furthermore, the precise modulation ofpbwer factor experienced by a load
requires similarly precise modulation of reactivever supplied to the conductor and
load, a definite benefit of an inverter. The intggpn of these capabilities within each
node of the distribution system associated witHEdrDvould provide for a more effective
network of support with higher resolution and geedtexibility. This flexibility allows
for a range of distribution grid management strreguand control methodologies and
thereby enables the resolution of potential grislés both locally and across large
distribution networks.

2.2.2 Voltage and Frequency Ride-Through

Definition: Ride-through may be defined as thdigbof an electronic device to respond
appropriately to a temporary fault in the distribat line to which the device is
connected. A fault typically derives from conditfo or events that are extreme or
unanticipated and cause an unintended short-cirdMhten a distribution circuit is
shorted, part of the circuit experiences an oveettrfor the duration of the fault, which
can cause resistive loads to dissipate excess panweeoverheat, voltage levels to fall,
and utility or customer equipment to exceed opegatimits and fail. As previously
discussed, standard inverters are required toifglentypical fault and disconnect from
the circuit when a fault is detected. Should theltf prove to be temporary or to
otherwise not have an impact on the distributedgneesource connected to the inverter,
this course of action will inhibit the DER’s opdoat and prevent it from functioning
under the restored normal conditions. Ride-throadtdresses this deficiency through
monitoring and responding to fluctuations in volitagy frequency and thereby increases
the reliability of a DER.

Implementation: While the current standards alyaaduire some ride through of certain
times periods for certain voltage and frequencyuesions, this functionality in standard
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inverters is fairly limited. The variety of resp@ssinstituted by a ride-through capable
inverter will depend upon the type of fault conafitithat is sensed and the internal setting
that is active. The most prevalent ride-througpatdities are tied to measurements of
the distribution system’s AC frequency and volta@ost approaches to the resolution of
frequency quality issues require the modulatiomctfve power supplied, as a lower or
higher frequency can result from the under- or etgaply, respectively, of active power
to a circuit. On the other hand, sags and swelisitage levels can be remedied by the
injection of reactive power into the line. If thieltage is too low, the power factor can be
raised through reactive power support to reduce lliisses and increase voltage, while
lowering the power factor can similarly resolve @altage level swell.  The
implementation of these methods may be achievedugjir autonomous control or
through predefined settings, which will cater resges that correspond to particular sets
of parameters.

Ride-through functionality is highly dependent onomtoring, processing, and
algorithmic response. Monitoring of frequency aitage permits identification of an
over-/under-voltage or an over-/under-frequencyddmn. In the event of such a
condition, monitoring of the relevant parameterlwibntinue and a response will be
actuated. The controlling algorithm will implememtresponse, such as an increase in
power in response to a low voltage, which has pi@teto resolve a temporary condition
and to remove the need for a disconnection. Itth&lition persists and the inverter fails
to reach sufficient parameters within the IEEE 15#f3connection time frame, the
disconnection will take place as with the standemekerter, ceasing all ride-through
responses.

Impact: The voltage and frequency ride-throughcfiomalities provide dynamic support
to the grid in the presence of an observable diserey along the interconnected line. In
responding actively to atypical conditions, ridestigh executes the required
disconnection in the case of an irresolvable, peent fault, and can prevent
disconnection in cases where these conditionstrésmh temporary or isolated events.
The avoidance of “unnecessary” disconnection imgsogrid reliability by enabling the
DER to continue to supply power and support fumgito the grid. A cautionary note is
that there are risks associated with ride-througictionalities, especially in non-utility
scale DER applications such as residential and |scomhmercial. If ride-through is
permitted by standards to prolong the presence fatily, this could expose equipment
and people using a fault circuit to greater risklamage or injury.

3 National and International Inverter Standards and Related Work

3.1 United States Inverter Standards

Currently the main standards which govern inveriarshe IEEE 1547 “Standard for
Interconnecting Distributed Resources with ElectAower Systems” and UL 1741
“Standard for Safety for Inverters, Converters, tCallers and Interconnection System
Equipment for Use with Distributed Energy Resourcd&EE 1547 establishes criteria
and requirements for interconnection of DER witbcélic power systems. IEEE 1547



purpose is to provide a uniform standard for irdarection of distributed resources with
electric power systems. IEEE 1547 provides requams relevant to the performance,
operation, testing, safety considerations, and teaance of the interconnection. IEEE
1547 Standard was approved by the IEEE StandardsdBo June 2003 and approved as
an American National Standard in October 2003. Uke. Energy Policy Act of 2005
established IEEE 1547 as the national standarcaludcalled for State commissions to
consider adopting standards for electric utilitiédnder Section 1254 of the Act:
"Interconnection services shall be offered basednuihe standards developed by the
Institute of Electrical and Electronics Engined¢EEE Standard 1547 for Interconnecting
Distributed Resources with Electric Power Systeassthey may be amended from time
to time."

UL 1741 references and expands upon IEEE 1547,ifgadly addressing safety
concerns related to grid-connected power genetatarisiding protection against risk of
injury to persons. For utmost consideration of kfmrce and public safety, in particular
for residential and small commercial applicatioheth standards at this time prohibit
voltage regulation by DER. Large, internationaldrter manufacturers tend to supply
utilities with models with the ability to provideodal voltage regulation, but these
functions are disabled per IEEE 1547 and UL 1784is essentially inhibits the adoption
of many of the advanced functionalities of investddowever, it should be noted that the
utilities are not required to comply with UL 174dquirements and many do not, instead
adding additional protective equipment along witkeit inverters. However, for non-
utility inverters connected to the grid, UL 174Ingaiance is often a utility requirement,
or in the case of California a State requiremeotnftCEC and CPUC rules, such as the
Interconnection Rule 21.

In May of 2012, an IEEE workshop was held to getustry feedback on potential
changes to IEEE 1547 and subsequently IEEE embarkedn initiative to look into
amending the standard to address the followingcsopi) voltage regulation; 2) voltage
ride-through; and 3) frequency ride-throufgiCurrently, there is are several working
groups that are developing several amendmentettEtBE 1547 standard, which CPUC
staff monitors for any issues that may impact Spalecy. The related UL 1741 standard
will also needs to be updated to correspond t@temtual IEEE 1547 amendments.

3.2 International Inverter Standards

Other countries around the world, particularly iur&pe, have similar standards
governing aspects of their power distribution syste Some representative examples are
Journal Officiel de la République Francaif#EVE0808815A of FranceReal Decreto
661/2007 of Spain, the Italia@omitato Elettrotecnico Italian®-21, and the BDEW
Medium Voltage Guideline, “Generating Plants Conedcto the Medium Voltage
Network” from Germany. The European Low Voltagedative, which provides some
form of standardization across national borders,siperseded by the respective
regulations. Though each of these national stasdas distinct and minimally

2 http://grouper.ieee.org/groups/scc21/1547/1547 il




standardized at an international level, each pewid technical treatment of reactive
power and voltage regulation. Also of note, therr standard implements
requirements surrounding dynamic network fault swppwhich includes the ride-

through functionalities. @ These European standaati® require some level of

communication, monitoring and control between thEeRDinverters and/or controllers
and the utilities’ distribution grid managementtgsyss.

3.3 Photovoltaic Inverters Compliance Requirements in @lifornia

The CEC, as dictated by California legislation, 5B2006), maintains an extensive list
of UL 1741-compliant photovoltaic inverter models aerified by a Nationally
Recognized Testing Laboratory (NRTL). This compdi@ is required for qualification
for the California Solar Initiative (CSI) rebateogram, an economic incentive through
which the State may shape the technology adoptedobhgumers in a portion of the
inverter market. The spectrum of inverters whiaketrthese standards includes a diverse
blend of models at a variety of nominal output powapacities. Table 1 includes a
sampling of some of the larger inverters on the GECist of Eligible Solar Inverters
per SB 1 Guideline¥. The two additional parameters that the CEC respare weighted
efficiency and whether or not there is an appraveit-in meter. Most of these models
at this scale are for three-phased(B-utility interactive inverters. Ultility-Interacte
Inverter (Ull) is defined in the National Electi@ode as “an inverter intended for use in
parallel with an electric utility to supply commdoads that may deliver power to a

utility.”
within the industry.

Table 1 — Samplin

The term grid-tied inverter is often usesynonymously with the NEC’s UlI

from CEC List of Eligible Solarinverters per SB 1 Guidelines

Inverter Model . Povs.ler Weighted App'r oved
Manufacturer Name Description Rating L Built-In
No. Efficiency
(Watts) Meter
Advanced Ener 500kW 480Vac Three-
-nergy Solaron 500kW Phase (3- ) Utility | 500000 97.5 No
Industries .
Interactive Inverter
American Electric ISIS-1000-15000-
Technologies 60-CG 1000kW 3-¢ Ul 1000000 96.5 No
Chint Power' Systems | CPS SC100KT-O/xx- | 100kW (489Vac) ull w/ 100000 96 Yes
America 480 dual inputs
Diehl AKO Stiftung & Platinum 100 CS-A
Co. KG HE 480 100kW 480Vac 3-¢ Ull | 100000 95.5 Yes
S-Max™ Series 250kW
Eaton S-M(aG)E)CZ)\S/())kW 600 Vac 3-¢ Ul 300- | 250000 9% Yes
600 Vdc input
Green Power 500 kW 3-¢, Ull w/
Technologies PV500U Med Voltage TP1 Xfmr >00000 %6 ves
INGECON SUN 220
Ingeteam Energy S.A. TL U 360 Outdoor 220kW 360Vac 3-¢ Ul 220000 97.5 Yes
KACO XP100U-H4 100 kW 480Vac 3-¢ Ull | 100000 96 Yes

3 “List of Eligible Solar Inverters per SB 1 Guidwis”
http://www.gosolarcalifornia.org/equipment/inveggrhp




Princeton Power 100 kW, 480Vac, Ull

Systems GTIB-480-100-xxxx (600Vdc Max) 100000 95 No
260kW (480Vac) 3-¢
PV Powered PVP260KW Ull 2/ 295-600Vdc 260000 97 Yes
input
1000 kW 3-¢ Inverter
SatCon Technology PVS-1000 (MVT) for Med Voltage Xfmr 1000000 96 Yes
Shenzhen BYD BSG250K-U or U/N 250kW Ul 250000 95 No
1400 kW 480 Vac 3-¢
Siemens Industry SINVERT PV51401 Inverter (Master Unit, | 1400000 96 Yes
UL .
3 Slave Units)
800 kW 3-phase, UlI
SMA America SC800CP-US w/ Medium Voltage 800000 97.5 Yes
ABB Xfmr
500kW 480Vac Utility
Solectria Renewables SGI 500-480 Scale Grid-Tied 500000 97 Yes

Smartgrid PV Inverter

500kW Ull t t
Sungrow Power Supply SG500LV 0 connect 1 555000 96.5 Yes
w/ med voltage xfmr

TMEIC PVL-LO500U 500kW Ull for medium |- ¢ 95.5 Yes
voltage xfmr

Toshiba PVL-LO500U 500kW Ull for medium |- ¢ 95.5 Yes
voltage xfmr

500kW 3-¢ Inverter
GT500-MVX for Medium Voltage 500000 95.5 Yes
Applications

Xantrex Technology
(Schneider Electric)

3.4 Advanced Inverter Availability Comparison

This representative study presents a comparisoneeet central photovoltaic inverter
models compliant with United States standards dmabe compliant with European
standards. This analysis examines two 500 kV nahuntput power models from each
of three international inverter manufacturers: r&tler Electric, SatCon, and SMA.
Among utility scale central inverters such as thgwesented, functionalities and
capabilities are fairly uniform across manufactsyeand these three were selected as
samples. Central inverter models were chosen Becadvanced functionalities are
supported to the largest extent in utility-scalplegations.

The two models from each manufacturer retain exatgsimilar profiles, but are distinct
in a number of features. The central point ofedéhtiation, which is shared among at
least two of the three manufacturer’'s models, ikeceed in the relevant standards: the
U.S. models meet United States standards UL 17d1IEBE 1547, while the European
models all comply with EU requirements and Germ&ER/ requirements. As a result,
there may be fundamental differences between ndipiramilar models. These
distinctions are relevant because a utility mustalth additional protection in lieu of a UL
certification, and thus UL-certified models arefprable.

The Schneider Electric GT500E (Europe) specificatioptionally includes “grid
interactive features including low voltage rideaigh and reactive power control”, an
option which is not listed under the options foe tAT500 (United States). The SatCon
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models follow suit, as the 500 kW PowerGate Plus(BlEope) model provides “remote
control of real and reactive power”, “low-voltagale through”, and “power factor
control.” The 500 kW PowerGate Plus (United States)nly capable of providing two
of the three functions, as the “Advanced Power Mda@dow supply of real and reactive
power under either “Constant VAR” or “Constant PoWwactor” settings.

Text from recent SMA inverter specification sheetssimilar for the Sunny Central

500CP (Europe) and Sunny Central 500CP-US (Unitiate§), as they both describe
“Powerful grid management functions (including Lovoltage Ride Through and

Frequency Ride Through)”. Older U.S. models inolgdthe Sunny Central 500HE-US
specifications make no mention of such capabiliigsle the European compliant HE
model does mention those same advanced capabilitegecting a chronological

progression into these advanced capabilities.

From a limited amount of investigation, it appetlrat the majority of models which
comply with UL 1741 and which are on the marketpdovide some advanced inverter
functionalities, albeit with some caveats. As gkxh from conversations with inverter
manufacturers, the primary reason is that UL 17ddhipits intentional islanding and
low-voltage ride through. Manufacturers and Caiifa utilities both indicate that U.S.
utilities tend to purchase inverters with theseambed functionalities, as they do not
have to be in compliance with UL standards andea$tmay add additional protective
equipment along with their inverters. A manufaeturepresentative further stated that
big photovoltaic power plants tend to want to belaled utilities or independent power
producers so that they can also avoid compliante Wi standards.

This exercise reveals a clear discrepancy betweeimtended usage of inverter models
which are manufactured for use in Europe and theseufactured for use in the United

States, even within individual manufacturers. Tdlomanufacturer representatives have
stated that the hardware of their UL- and EU-cediimodels is frequently equivalent or

similar, the software will constrain the functiomials of the UL-certified models. These

advanced functionalities, which have been depldyedountries such as Germany and
Italy, are not permissible under current U.S. stadg, and as such are disabled in
installed inverters with these advanced capalsliteee not currently in use by non-

utilities or independent power producers in thetebhiStates.

3.5 Other Related National & International Standards Development Work

Since 2009, EPRI has been facilitating an industiiaborative initiative that is working
to define common functions and communication prof®dor integration of smart
distributed resources with the grid. The goaloishable high-penetration scenarios in
which a diversity of resources (for example, phottaic and battery storage) in varying
sizes and from varying manufacturers can be intedranto distribution circuits in a
manageable and beneficial way. This requires aegegf consistency in the services and
functions that these devices provide and unifortandards-based communication
protocols for their integration with utility disbution management and supervisory
control and data acquisition (SCADA) systems.
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The EPRI initiative has engaged a large numberndfviduals representing inverter
manufacturers, system integrators, utilities, ursites, and research organizations. The
resulting work products have provided valuable tnpo a number of standards
organizations and activities, including the Natioingtitute of Standards and Technology
(NIST) and the International Electrotechnical Comsion (IEC). Participation in this
activity has been, and remains, open to anyone iwhoterested. Volunteers met by
teleconference throughout 2010 and 2011, discusstiedining and documenting
proposed common functions. EPRI’s report “Commamdions of Smart Inverters”
provides a compiled summary of the function desioms that this initiative has
produced thus far. Each function is presentechenform of a proposal, which is the
language used by the volunteer working group. Téilects the fact that the functions
are not legal standards unless and until they doptad by a standards development
organization (SDO).

EPRI encourages utilities and device manufacturers utilize these functional
descriptions to aid in the development of requinetsdor smart distributed resources.
Even more beneficial may be the referencing of ogtandards that have been derived
from this work, such as Distributed Network Proto@@NP3) mapping. The process of
developing a complete design specification for arsmhotovoltaic, battery-storage, or
other inverter-based system may be greatly sineplifiy taking advantage of this body of
collaborative industry work. While it is always gsible to independently craft new
functions, or to design similar functions that wamnkslightly different ways, such effort
does not bring the industry closer to the end-gabff-the-shelf interoperability and
ease of system integration.

4 Impacts & Challenges of Advanced Inverters Widesprad Adoption

4.1 Impacts: The widespread integration of DERs ife power distribution network

presents a number of technical challenges whiclarachd inverter functionalities could

help mitigate. At its core, reactive power contiotreases efficiency of power

distribution by reducing line losses. The efficaéW AR control is highly dependent on

geographic proximity to the line or feeder thatuiees support, and DER inverters are
therefore a logical source of reactive power. Twmver quality benefits may be

implemented statically, through scheduling, or dgitally, using predefined settings and
modes. This flexibility allows for a range of dibution grid management structures and
control methodologies and thereby enables the ugsnl of potential grid issues both

locally and across large distribution networks. e Moltage and frequency ride-through
functionalities provide dynamic grid support in tipeesence of a fault along the
interconnected line. In responding actively topatsl conditions, ride-through can

prevent disconnection in cases where these conditiesult from temporary or isolated
events. Avoiding “unnecessary” disconnection, ey of large distributed energy

resources, could improve grid reliability.

4.2 Challenges: One of the largest challengekenridustry in the United States is the
fact that many inverters being deployed are notemyoperated, managed and controlled
by distribution utility companies. In addition, effe is ongoing work to develop
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interoperability standards for DER devices inclygginverters and inverter controllers so
that DER management systems can be developed tagiated with utility distribution
management systems. However, at this point in tithere is a lack of consistent
standards in the U.S. that will allow various eetitto exchange critical inverter data to a
distribution management system and integrate that & utility DMS. Without this
ability, there will be limitations to how much tleeadvanced functionalities can be used
autonomously without adversely impacting the grid ather customers’ equipment.
Finally, power quality may be another challengehwitore use of inverters producing
current harmonics which then emanate onto the grid.

Another challenge is the fact that safety and perémce requirements are combined in
U.S. standards for inverters (i.e. IEEE 1547 and1J41). This could become more of
an issue in the future if safety requirements wiggtish between residential and small
commercial applications versus large DER powertplan storage facilities. There is an
argument to be made for the implementation of ckfié safety requirements and
standards for residential and small commercial iegfpbns. In terms of public and
workforce safety, in residential and small commar@pplications it could be more
important for compliance standards to be more oastiand lean towards requiring
disconnection of the DER. On the other hand,doge power plants that are being relied
upon for generation, it might be better to leandmg keeping them connected to support
the grid. The latter requirements would also neeidclude other grid protective devices
to provide workforce and public protection.

To highlight the importance of inverter functiongliEPRI conducted a study indicating
that over 69% of downtime events are caused by RNeinverters. The main
contributors to these failures were software bugs material failures, which indicates a
need for significant refining of the inverter techogies being deployed. The EPRI
report further notes the lack of “complete perfonee criteria” for the implementation
and use of these inverters, a tool that would &sgsigroviding a smoother transition to
high levels of penetration.

5 Conclusion

Advanced inverter functionalities may lend sigrafit improvement to the stability,
reliability, and efficiency, of the electric powetistribution system in the US.
Distribution automation systems implemented by itigd will be central to the
integration of these functionalities, which requaetection, control, and communication
to reach full efficacy. Implementation of reactigewer support functions can permit
DER to respond to loading conditions to minimizesies and improve the quality of
supplied power. By the same token, ride-throughad¥erse voltage and frequency
conditions may enable inverter response to mitigfaempact of unexpected conditions,
maintain interconnection, and thereby lend resijeto these resources. At present, US
compliance-based standards for interoperability pedormance tend to inhibit the

* EPRI: “Utility Scale Photovoltaic Inverters” (2011
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implementation of these functionalities, but theg being revised to consider safe and
reliable augmentation of inverter functionalitysiopport increased penetration of DER.
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